contaminants, and thus, they were excluded from further analyses. To begin to triage the isolated Saccharomyces strains for those most likely to perform 1 4 1 well in beer fermentation, we sought to characterize their abilities to metabolize various sugars, 1 4 2 their ethanol tolerance, and how well they flocculate. First, to assay for sugar metabolism, we 1 4 3 followed the growth of each strain in rich medium (YP) supplemented with 2% (w/v) of two 1 4 4 common monosaccharides (glucose and xylose) and disaccharides (maltose and sucrose). We 1 4 5 found that the wild isolates could be phenotypically categorized into four groups, representatives sugars glucose and sucrose but displayed only minimal growth in the presence of xylose and 1 4 8 maltose ( Fig. 2A ). Strains in Group 2 were likewise able to metabolize glucose and sucrose, as 1 4 9 well as displayed an intermediate level of growth in medium containing maltose (Fig. 2B) . The 1 5 0 isolates in Group 3 displayed similar growth kinetics and cell densities in the presence of 1 5 1 glucose, maltose, and sucrose but only moderate growth in xylose-containing medium (Fig. 2C ). Finally, the yeasts in Group 4 grew well in the presence of all four tested carbon sources but 1 5 3 achieved the highest cell densities in medium containing glucose or sucrose (Fig. 2D ). Next, ethanol tolerance was similarly assessed by growing strains in YPD medium 1 5 5 containing 0-15% ABV. Again, the various strains could be grouped based on their growth 1 5 6 curves. As shown in Figure 3A , some strains were insensitive to increasing EtOH concentrations, 1 5 7 growing as rapidly and to nearly as great a density in the presence of 15% ABV as in the 1 5 8 complete absence of EtOH. Other strains displayed similar sensitivities to all concentrations of 1 5 9
EtOH tested, though growth was still evident (Fig. 3B ). However, most strains displayed a 1 6 0 concentration-dependent sensitivity to EtOH, with higher ABVs increasingly inhibiting growth 1 6 1 ( Fig. 3C ). Regardless, all strains grew to some extent in the presence of 15% ABV ( Fig. 3 Flocculation was qualitatively assessed by comparing the rate of cell sedimentation by 1 6 5 the wild strains to two commercial controls WLP001 and WLP300 (medium and low 1 6 6 flocculation, respectively, see www.whitelabs.com) in small stationary liquid cultures and in 1 6 7 small fermenters. In both cases, all of the wild strains displayed medium or higher levels of 1 6 8 flocculation (Table 1 , Supplementary Table 1 , and data not shown). However, we did also note 1 6 9 that some of the strains formed rather loose slurries that were easily disrupted, sending cells back 1 7 0 into suspension with only gentle agitation. Aside from the strains that metabolized maltose poorly (e.g., YH37; Fig. 2A ), the other 1 7 3 wild isolates all displayed good beer fermentation potential based on our initial tests. To begin to 1 7 4 characterize the brewing capacity of these strains, we performed small wort fermentations with 1 7 5 each. We utilized WLP001 was a positive control for levels of attenuation and flocculation, as well as a baseline for our sensory analyses. After two rounds of test brewing and analysis, we chose the most promising strains for additional trials. The full data set can be found in We found that the S. paradoxus isolates ranged in their ability to attenuate from 20-55% 1 8 0 (Table 1 and Supplementary Table 1 ) with an average attenuation across all strains of ~37%. Aside from under-attenuation, the beers produced by S. paradoxus all smelled and tasted heavily 1 8 2 of adhesive bandages, which was likely due to the production of chlorophenol (14). Thankfully, 1 8 3 only two S. cerevisiae strains (WYP15 and WYP16) shared this sensory phenotype 1 8 4 ( Supplementary Table 1 ). Overall, the S. cerevisiae strains displayed better attenuation (average 1 8 5 of 69%), though they varied widely from 17-95%. Many of the beers produced were neutral in 1 8 6 aroma and flavor, though some were fruity, had a Belgian strain phenolic character, and/or were 1 8 7 slightly tart and reminiscent of saison or farmhouse ales. The single isolate of S. kudriavzevii 1 8 8 attenuated well (68%) and yielded neutral sensory characteristics (Table 1) . Of all of the wild Saccharomyces strains that we tested, YH166 repeatedly displayed 1 9 0 good brewing characteristics, with excellent attenuation (70-80%), flocculation, and 1 9 1 aroma/flavor production (Table 1 ). In every tasting panel that we conducted, the sensory profiles 1 9 2 of the beers made by YH166 were consistently characterized as "tropical", with notes of guava 1 9 3 and green apple. Other strains also displayed similar attenuation and flocculation, but the beers 1 9 4 they produced were generally neutral in sensory and comparatively bland when sampled 1 9 5 alongside beer fermented by YH166. Thus, we focused on YH166 for further characterization. reached terminal attenuation >24 h faster, though its terminal ABV (~5.5%) was always slightly 2 0 4 less than that produced by WLP001 (~6%; Fig. 4A ).
0 5
We typically use low gravity wort for laboratory-scale fermentations. However, ale 2 0 6 strains are commonly utilized in a variety of beer styles, some of which have very high OGs, 2 0 7 such as Russian imperial stouts (15). To determine if YH166 could tolerate high gravity wort, we 2 0 8 assessed the growth of this strain in rich medium containing 2-30% (w/v) glucose. As shown in 2 0 9 Figure 4B , the lag time to exponential growth increased from < 1 h in 2% glucose to > 5 h in 2 1 0 30% glucose. However, YH166 was able to overcome the osmotic stress of the glucose at all 2 1 1 concentrations and grow to high density, suggesting that it is suitable for fermenting worts with a 2 1 2 wide range of OGs. Finally, we assessed the activity of YH166 in a variety of worts and fermentation home brewing club. It should be noted that each fermentation experiment was only performed a 2 1 6 single time, but we feel that the range of conditions tested is still worthy of report. Consistent and tropical fruit. Contrary to the laboratory-scale experiments, however, these beers were 2 2 0 uniformly cloudy or hazy in appearance (data not shown). The natural tolerance displayed by Saccharomyces species to fermentation stresses such 2 2 4 as ethanol, low pH, and anaerobic growth (2-4) have enabled these organisms to dominate most 2 2 5 industries that rely on fermentation worldwide. However, the yeast strains that are currently used 2 2 6 in these processes are highly genetically related (7, 8) . We sought to characterize wild 2 2 7
Saccharomyces strains for their ability to ferment wort into beer to determine if novel sensory 2 2 8 characteristics can be found in the untapped array of yeast isolates present in nature. Based on phylogenetics ( Fig. 1 ) and phenotypic analyses (Fig. 2-3 strains in our collection of wild yeasts could be divided into a variety of groups. It was our hope 2 3 1 that one or more of these groupings would be indicative of isolates with positive fermentation 2 3 2 attributes to help direct future yeast hunting efforts. This largely proved not to be the case 2 3 3 though. For instance, phylogenetic clade IV was dominated by S. paradoxus strains that 2 3 4 fermented poorly and/or produced unpalatable beer ( Fig. 1) , but clade IV also contained S. (Table 1 and data not shown). Such isolates will be avoided during our ongoing 2 3 9 yeast bio-prospecting by only selecting for strains that can rapidly metabolize maltose. Our current results also suggest that S. paradoxus strains should be avoided for beer 2 4 1 fermentation. All eight tested here created a repulsive aroma and taste that was reminiscent of 2 4 2 adhesive bandages (Table 1) . This is a common off-flavor in beer production that is attributable with S. paradoxus, and it has been suggested that this is one of the only Saccharomyces species 2 4 5 not used commercially for fermentation (17) . Perhaps this dearth of information is due to off- verified. Regardless, we collected all of our S. paradoxus strains from the bark of oak trees (11), 2 5 0 so chlorophenol production appears to be a common characteristic of wild S. paradoxus isolated 2 5 1 from this natural reservoir. Unlike the S. paradoxus strains, most of the remaining Saccharomyces isolates tested 2 5 3 produced beers with neutral or more flavorful and pleasing sensory profiles (Table 1) . Not all of 2 5 4 them attenuated to high levels, but flocculation matched or exceeded the WLP001 control. Serial re-inoculation of low-attenuating strains into wort for fermentation may help to "domesticate" 2 5 6 such strains by adapting them to beer production (18), and ongoing experiments are investigating 2 5 7 this issue. Many strains, such as YH166, were well suited to fermentation with no manipulation 2 5 8 other than the process of enrichment and pure culturing (10).
5 9
We chose to focus on strain YH166 due to its excellent fermentation kinetics and tropical 2 6 0 fruit sensory profile. In our laboratory-scale trials, it performed as well as the WLP001 ale 2 6 1 control strain ( Fig. 4A ) and demonstrated excellent resistance to osmotic stress (Fig. 4B ), 2 6 2 suggesting that it can be used to ferment beers with high OGs. YH166 was also amenable to a home brew experiments uniformly yielded beers that were hazy or cloudy in appearance, in contrast to the high flocculation we found in the laboratory (Table 1) . Many factors affect of new beer styles based around the yeast as the core ingredient. We thank the members of the Bloomington Hop Jockeys home brewing club for providing Research and Education Fund, and funds from Wild Pitch Yeast, LLC (to MLB). D  i  v  e  r  s  i  t  y  a  n  d  E  v  o  l  u  t  i  o  n  i  n  t  h  e  B  u  d  d  i  n  g  Y  e  a  s  t  s  2  9  7  (  S  a  c  c  h  a  r  o  m  y  c  o  t  i  n  a  )  .   G  e  n  e  t  i  c  s   ,  2  0  6  ,  7  1  7  -7  5  0  .  2  9  8  6  .  T  e  s  f  a  w  ,  A  .  a  n  d  A  s  s  e  f  a  ,  F  .  (  2  0  1  4  )  C  u  r  r  e  n  t  T  r  e  n  d  s  i  n  B  i  o  e  t  h  a  n  o  l  P  r  o  d  u  c  t  i  o  n  b  y  S  a  c  c  h  a  r  o  m  y  c  e  s  2  9  9  c  e  r  e  v  i  s  i  a  e  :  S  u  b  s  t  r  a  t  e  ,  I  n  h  i  b  i  t  o  r  R  e  d  u  c  t  i  o  n  ,  G  r  o  w  t  h  V  a  r  i  a  b  l  e  s  ,  C  o  c  u  l  t  u  r  e  ,  a  n  d  I  m  m  o  b  i  l  i  z  a  t  i  o 
